freeze conditions, occurring since 2006 in Baffin Bay, reveal positive monthly SAT departures that often exceed 1 standard deviation from the 1981-2010 climate normal over coastal areas that exhibit a similar spatial pattern as the peak correlations.
Introduction
Greenland coastal surface air temperature (SAT) records reveal predominantly increasing trends in monthly and seasonal means, variability, and extremes since the late 1970s/early 1980s (Hanna et al. 2012 Mernild et al. 2014) . Over this time period during a strong phase of Arctic amplification (Overland et al. 2015a) , Arctic sea ice has dramatically declined-especially in early autumn (Perovich et al. 2015) -and its losses have been linked broadly to weather and climate anomalies in the Northern Hemisphere (e.g., Serreze and Barry 2011; Vihma 2014; Walsh 2014; Budikova and Chechi 2016) . Several studies have associated local-to-pan-Arctic sea ice cover variability with Greenland Ice Sheet and outlet glacier behaviors (e.g., Rennermalm et al. 2009; Carr et al. 2013; Liu et al. 2016; McLeod and Mote 2016; Jensen et al. 2016) . Robust sea-land-ice linkages have been identified during summer as declining sea ice is related to melt conditions across south and west Greenland (Rennermalm et al. 2009; Liu et al. 2016; McLeod and Mote 2016) .
Sea ice is one of many factors known to influence Greenland's coastal SAT signals and resultant environmental changes (e.g., Box 2002) , although relatively few Abstract Variations in sea ice freeze onset and regional sea surface temperatures (SSTs) in Baffin Bay and Greenland Sea are linked to autumn surface air temperatures (SATs) around coastal Greenland through 500 hPa blocking patterns, 1979-2014. We find strong, statistically significant correlations between Baffin Bay freeze onset and SSTs and SATs across the western and southernmost coastal areas, while weaker and fewer significant correlations are found between eastern SATs, SSTs, and freeze periods observed in the neighboring Greenland Sea. Autumn Greenland Blocking Index values and the incidence of meridional circulation patterns have increased over the modern sea ice monitoring era. Increased anticyclonic blocking patterns promote poleward transport of warm air from lower latitudes and local warm air advection onshore from ocean-atmosphere sensible heat exchange through ice-free or thin ice-covered seas bordering the coastal stations. Temperature composites by years of extreme late 1 3
analyses have examined the interconnectivity of local sea ice, sea surface temperature (SST), SAT, and atmospheric circulation beyond the warm season months. Rogers et al. (1998) noted monthly SAT departures of 1-2 standard deviations below normal at weather stations situated along western Greenland (WG) and eastern Baffin Island spanning winter 1982 to autumn 1984. The authors associated this stint of cold coastal temperature anomalies with persistent SSTs of at least 0.5 standard deviations below normal coupled with extensive pack ice conditions and anomalous northerly surface winds across Baffin Bay and Davis Strait. Over the 1958-1997 period, Deser et al. (2000) identified substantial winter warming (cooling) SAT patterns adjacent to the island, especially to the east, collocated with reduced (increased) areas of sea ice cover.
Since at least 2000, the Greenland region has been characterized by very different synoptic sea ice climate conditions from those seen in the early 1980s, including the prevalence of anomalous autumn and winter anticyclonic regimes and rising coastal air temperatures (Hanna et al. 2012; McLeod and Mote 2016) amidst negative cold-season sea ice thickness anomalies (Nakamura et al. 2015) . Simultaneously, since the mid-1990s ocean heat transport towards southeast and west Greenland waters has been high (Buch et al. 2004; Myers et al. 2007 Myers et al. , 2009 ), resulting in increased sea temperatures propagating northward into eastern Baffin Bay (Myers and Ribergaard 2013; Ribergaard 2014 ) and likely affecting local sea ice conditions. Progressive delays in ice cover formation on Baffin Bay and the Greenland Sea are also documented (Stroeve et al. 2014) , which have lagged ice-albedo feedback links to decreasing summer ice concentration that is coincident with increases in solar heating and SST warming (Perovich et al. 2007 ). Increasingly persistent blocking high pressure over Greenland is strongly linked with southerly meanders in the polar jet stream (Hall et al. 2015; Overland et al. 2015b ) and the North Atlantic Oscillation (NAO)/Arctic Oscillation (AO) teleconnections (Woollings et al. 2010; Hanna et al. 2015 Hanna et al. , 2016 . Increases in blocking, meridional flow patterns are associated with negative NAO/AO phases and tend to promote mid-tropospheric ridging and southerly, warm air advection across Greenland, leading to positive lower tropospheric/near-SAT anomalies that directly impact the local cryosphere (e.g., Box et al. 2012; Fettweis et al. 2013; Hanna et al. 2013 Hanna et al. , 2014 Hanna et al. , 2016 Tedesco et al. 2016) .
Motivated by the absence of recent physical-statistical studies analyzing potential links between Greenland coastal air temperatures and local sea ice variability during autumn, especially given the changing seasonality of the ice cover expressed in the freeze onset record, we analyze relationships in these variables from 1979 to 2014. Subsequently, we physically frame the statistical linkages found across the study period and during extreme autumn sea ice cases through a series of regional (Greenland-centric) to hemispheric-scale atmospheric circulation analyses. The paper is organized as follows: in Sect. 2, the data and methodology are described. In Sect. 3, trends in the SAT, SST, and sea ice data are explored and their relationships are assessed through correlation and composite techniques. The role of atmospheric circulation in linking sea ice conditions to SAT across portions of Greenland is evaluated in Sect. 4. A discussion and summary of the key findings are provided in Sect. 5.
Data and methodology

Data
Annual Baffin Bay and Greenland Sea freeze dates, 1979-2014, are calculated from brightness temperatures obtained from a suite of passive microwave satellite sources, including the Scanning Multichannel Microwave Radiometer, the Special Sensor Microwave/Imager, and the Special Sensor Microwave Imager/Sounder. The data are quality-controlled and homogenized prior to being mapped and analyzed over a 25 km × 25 km polar stereographic grid. Processing procedures and the algorithm used to identify the freeze onset signal of each pixel are described in further detail by Markus et al. (2009) . The annual freeze onset date falls within climatological autumn (SON) and signifies the conclusion of that year's melt season, when the ocean surface temperature reaches the freezing point and remains subfreezing through winter. Each freeze date time series represents the long-term record of domain-averaged freeze conditions. The Baffin Bay and Greenland Sea ice regions are identified in Fig. 1 , and follow the sea ice domains of Markus et al. (2009; see their Fig. 8 ). The Baffin Bay region also includes Davis Strait and Labrador Sea, while the Greenland Sea region additionally spans the Iceland and Irminger Seas. However, as the majority of the sea ice is found inside Baffin Bay and Greenland Sea, we adopt similar domain names to Markus et al. (2009) .
We select and analyze SAT data from locations along the eastern and western coasts of Greenland for the months included within and surrounding the respective climatological sea ice freeze onset periods, September-December, as well as the autumn and extended autumn (SOND) seasons that span these months ( Fig. 1 ; Table 1 ). The SAT data originate from two sources; weather stations maintained by the Danish Meteorological Institute (DMI ; Cappelen 2015) , and gridded, model-derived output from ERAInterim (ERA-I) reanalysis (Dee et al. 2011) . Twelve DMI stations are selected for their proximity to the coast and marginal seas of interest and due to the completeness of their monthly records (>97% complete) across the modern satellite era. Three stations possessed 1 month of missing data, Sisimiut (October 1998), Danmarkshavn (September, October 1981), and Ittoqqortoormiit (September, October 1981) , which were subsequently filled with the 36-year station monthly mean SAT. To enhance spatial coherence of coastal SAT measurements, especially across the eastern Greenland (EG) coast, eight additional grid values from ERA-I are selected. Prior to analysis, the reanalysis data are bilinearly interpolated from their native ~0.7° latitude/longitude to a 5 × 5 km polar stereographic grid and corrected for topographic errors in the reanalysis by using empirically-derived ice-sheet surface lapse rates, in a similar fashion to Hanna et al. (2005 Hanna et al. ( , 2011 . These downscaled, orography-corrected SAT fields include the whole of Greenland and some surrounding portions of the ocean, not just the ice-sheet area, and have previously been used in positivedegree-day modeling of the Greenland Ice Sheet surface mass balance. Validation of the downscaled ERA-I temperature data is presented in Jowett et al. (2015) , showing significant skill and low bias when compared with various in situ Greenland SAT datasets. The monthly/seasonal SAT and sea ice time series are normalized with respect to their 1981-2010 means and standard deviations prior to being subjected to correlation and composite analyses (described in Sect. 2.2).
We supplement the freeze-SAT analyses with local SST analyses, including Baffin Bay, Labrador and Irminger Seas within the Baffin Bay ice domain, and the Greenland, Iceland and Irminger Seas over the Greenland Sea ice region to understand how the local SSTs relate to ice formation and coastal SATs over the autumn season. The SST product is gap free and based upon satellite observations from the Pathfinder Advanced Very High Resolution Radiometer version 5.2 (Casey et al. 2010 ) and the AlongTrack Scanning Radiometer Reprocessing for climate datasets (Embury et al. 2012 ). In addition, in situ observations from the International Comprehensive Ocean-Atmosphere Data Set version 2.5 have been included in the analysis (Woodruff et al. 2011 ). The observations have been merged Fig. 1 Map displaying the Greenland study area with sea ice domains, DMI and ERA-Interim (i.e., ERA-I) SAT locations, and GBI domain labeled accordingly. Details involving the SAT data are provided in Table 1 using the interpolation method described in Høyer and She (2007) and Høyer et al. (2014) to generate a regional SST analysis, which is very similar to the climate data record described in Høyer and Karagali (2016) . The data set thus consists of daily, gap free fields on a 0.05° resolution from 1982 to 2012. Validation against independent in situ observations have a standard deviation of about 0.5 °C and a bias of less than 0.1 °C (not shown). Local averages are calculated using this dataset, where ice-covered areas were represented by an SST of −1.8 °C. To compare the sea ice, SAT, and SSTs in correlation analyses, the data are standardized by the 1982-2011 common period.
Studies of climatic and environmental changes across Greenland have often analyzed geopotential height (GPH) fields to identify synoptic-scale circulation mechanisms contributing to these changes. Here, we examine atmospheric flow patterns linking the autumn freeze onset and SAT time series through a number of disparate 500 hPa GPH analyses from 1979 to 2014. Aggregated monthly and seasonal GPH fields, derived from the NCEP/NCAR reanalysis (Kalnay et al. 1996) are analyzed across Greenland to diagnose the climatological circulation over Greenland during the sea ice freeze onset era. GPH composites by respective extreme sea ice freeze years (described in Sect. 2.2) are also analyzed to evaluate relationships between sea ice and SAT. Lastly, daily mean GPH values (for all September-December days in the study period) are utilized to create a synoptic climatological classification of mid-tropospheric circulation patterns (CPs) across the greater Greenland and immediately surrounding region of 55-85° N and 5-85° W (more details are provided in Sect. 2.2).
Monthly and seasonal values of the Greenland Blocking Index (GBI), NAO, and AO are subsequently analyzed to provide additional spatial (regional-to-hemispheric scale) and temporal (monthly/seasonal-averaged) atmospheric circulation context to the GPH analyses mentioned previously. The GBI represents the normalized 500 hPa mean GPH anomalies across Greenland, 60-80° N, 20-80° W (Fang 2004; Hanna et al. 2013 Hanna et al. , 2014 Hanna et al. , 2015 Hanna et al. , 2016 . The AO is the initial EOF of 1000 hPa GPH anomalies northward of 20° N (Thompson and Wallace 1998). The NAO index version used here is the primary EOF of sea-level pressure from 20 to 80° N and 40° E-90° W (Hurrell 1995).
Methodology
Trend, correlation, and composite analyses are applied to evaluate the sea ice and SAT data, and their statistical and physical associations through time. Prior to analysis, the normality of each dataset is assessed with a Shapiro-Wilk test. The majority of the data are normal justifying the usage of parametric statistics, including linear regressionbased trends and Pearson product moment correlations. Here, trends represent the slope of the respective bestfit trend lines. Unless otherwise stated, linear trends are removed from all data prior to calculating correlation coefficients to emphasize the presence of interannual relationships. Statistical significance is assessed in the trend analyses and bivariate correlations with a two-tailed t-test and determined using a standard threshold of p ≤ 0.05. Composite analyses, involving SAT and mid-tropospheric circulation data, are based on the Baffin Bay and Greenland Sea extreme freeze onset years that are ≥+1 standard deviation (late freeze) and ≤−1 standard deviation (early freeze) from their respective climatological mean freeze dates (listed in Table 2 and shown in the bottom panel of Fig. 2 ). We also employ a synoptic climatological approach known as CP classification to identify the spectrum of Greenland's mid-tropospheric weather patterns that may further link sea ice and air temperature behaviors. This approach supplements our composite analyses by its ability to detect the prevalent, regional synoptic patterns within a large dataset (e.g., Key and Crane 1986) . Synoptic climatologies involving Greenland have often focused on CP drivers of ice sheet melt (e.g., Mote 1998; Fettweis et al. 2011 Fettweis et al. , 2013 Belleflamme et al. 2013 ) rather than associations between adjacent sea ice and SAT measurements found across the island.
The classification method utilized here is k-means cluster analysis, which acts to minimize the distance of members grouped in the same cluster and maximize the distance of the centroids between each disparate cluster (Wilks 2011) . In this study, each autumn day from 1979 to 2014 is categorized into one of the representative clusters, or CPs, that commonly occur over Greenland. An individual CP therefore reflects a composite mean of all days classified as that particular CP.
Prior to classification, a daily 500 hPa GPH spatial anomaly dataset is constructed from the raw GPH data by subtracting each day's domain mean height value from each grid point within the domain. Spatial anomalies are utilized to highlight the height field gradients, which dictate the strength of the flow aloft. Following a common pre-processing data reduction step in synoptic classification, the daily 500 GPH spatial anomaly data are subjected to an Yarnal 1993) . The PCA procedure serves to reduce the spatiotemporal GPH dataset into a smaller group of interpretable GPH patterns that cumulatively explain a high percentage of the total GPH variance and to eradicate multicollinearity between neighboring grid values. Application of the PCA technique on the GPH data yields 17 principal components (with eigenvalues of at least 1), which explain 98.54% of the original dataset variance. These principal components are introduced into the k-means clustering algorithm and each day is assigned membership to a specific cluster, or CP, based on similarities in spatial characteristics (i.e., flow shape and gradient). Ten CPs (k = 10) are identified in the analysis, which fall within the suggested CP retention limits when classifying at least 30 years of daily weather data (Enke and Spekat 1997 (Fig. S1 ). This summertime accumulation of heat has directly affected autumn SST increases within the Baffin and Greenland ice domains, delaying freeze onset conditions (Fig. S2 ). Significant correlations between the raw (unadjusted) time series (r = +0.55, p < 0.05) reflect a relatively synchronized shift from concurrent early season ocean freezing prior to 2000 to a tendency toward anomalous late season freeze onset over the last 15 autumns. Detrended correlations reveal a positive, but not significant relationship (r = +0.20, p = 0.25) between the freeze observations that suggests weak interannual associations despite linear trends of similar magnitude and sign. The ongoing delays in ice cover formation mark substantial changes in the autumn sea ice climatology surrounding Greenland.
Long-term trends in the east and west Greenland coastal air temperature records follow a similar sign to the neighboring sea ice signals. Monthly trend magnitudes are relatively consistent (Table 3) and many demonstrate at least ~0.30 °C of warming per decade at the sampled coastal stations/grid points. Similar seasonal warming signals are identified in the DMI station-based datasets analyzed by Hanna et al. (2012; their Table 3c ) for the 1981-2011 period. Consistent, significant warming in September is bookended by strong SAT increases during December, often reflecting a slight, yet sequential increase in the magnitude of the temperature anomalies in each individual autumn month (e.g., Aasiaat and Sisimiut). Extension of the SAT warming pattern into December could be related to lengthened periods of open water conditions (as diagnosed by near-coastal single pixel December SST values that have increased with time, especially southward from Upernavik along the western coast, not shown), sensible heat flux through young, thin ice cover (Maykut 1978) , or a time-lagged signal from the sea ice-ocean heat flux feedback with increased Arctic sea ice loss, especially west of Greenland (Overland et al. 2015b ).
Correlations
Detrended correlation coefficients between the SATs and the disparate freeze onset datasets are presented in Figs. 3 and 4. In-phase relationships between the SAT sites and nearby marginal seas are indicated by the spatial patterns of significant coefficients. For example, Baffin Bay freeze onset, well correlated with autumn Baffin Bay, Labrador, and Irminger Seas SST variability (Table 4) , is strongly and consistently linked to the WG/southern Greenland monthly and seasonal air temperatures (Fig. 3) . A relatively uniform spatial pattern of statistically significant, positive correlations is observed during October, preceding the 1979-2014 mean date of continuous, sub-freezing temperatures on 1 November, continuing with only slight magnitude decreases through December. The highest, positive Baffin Bay sea ice correlations with SAT occur at the northwest stations, including Upernavik, Illulissat, and Aasiaat, during SON and SOND (r > +0.60, p ≤ 0.05).
Upernavik temperature correlations show similar, robust associations with local Baffin Bay SSTs as with freeze onset dates, suggesting that decreasing SSTs are mainly a direct result of atmospheric cooling in this region (Table 4) . Sea ice formation is delayed in the eastern Baffin Bay due to the influence of warm Atlantic water, which is transported northward by the west Greenland current (WGC) resulting in warmer SSTs on the Greenland side of Baffin Bay before sea ice forms. More southerly stations also exhibit strong SAT relationships with Baffin freeze dates and local SSTs (Table 4) . However, these are also more strongly influenced by the heat transport within the WGC, and the correlations are slightly lower. Since the mid-1990s, the ocean heat transport within the WGC has increased (Myers et al. 2007 (Myers et al. , 2009 Myers and Ribergaard 2013) , which may have weakened the strong relationship between SATs and SSTs in the area.
Associations between Greenland Sea ice and SSTs and east coast air temperatures are generally positive but weaker, with fewer significant correlations relative to the western flank of the island (Fig. 4; Table 4 ). This may be due to local oceanographic differences as Baffin Bay ice forms and is influenced predominantly by local ocean-atmosphere interactions, while the Greenland Sea ice formation is a product of both local processes and southward Arctic sea ice flux through Fram Strait (Kwok et al. 2004 ). This east-west difference may also partially result from closer station proximity to the ice sheet coupled with steeper east coast topography and stronger resultant katabatic winds, which inhibit the maritime influence on adjacent coastal SATs (Noël et al. 2014 ). These correlations are strongest during October, overlapping the climatological freeze onset occurring early in the month, as well as December and the autumn season aggregations, particularly along the southeastern coast at EG4, EG5, and Tasiilaq. In analyses of each ice domain, we observe significant, lagged temperature responses to freeze onset in December, but cross-island ice-SAT teleconnections are generally weak, especially spanning the northernmost coastal sites. The correlation analysis clearly reveals, that the hydrographic surface conditions in northeast Greenland waters (Greenland and Iceland Seas), are quite different from those in southeast and west Greenland waters (Irminger, Labrador Seas, and Baffin Bay; Table 4 ). The near-surface currents are cyclonic, highly topographically steered, and strongest at the rim of the ocean basins (Jakobsen et al. 2003) . The east Greenland current (EGC) carries cold, lowsalinity polar water and sea ice southward, which characterizes northeast Greenland waters. Much warmer and saltier Irminger waters join the EGC in the northern part of the Irminger Sea, resulting in warmer hydrographic conditions off southeast and west Greenland including eastern Baffin Bay (Buch et al. 2004; Ribergaard 2014 ).
SAT composite analyses
Monthly and seasonal SAT behaviors during anomalously late and early freeze conditions are investigated by marginal sea. Late ice formation across Baffin Bay tends to coincide with widespread, above-average coastal SATs (Fig. 5) . Months of open water (September and October) are linked with some spatial SAT similarities as shown by positive temperature anomalies situated along WG and southern Greenland, including some sites on the southeastern coast. Temperature anomalies weaken during November as late freezes occur toward the middle-to-end of the month, then strengthen in December as thin ice cover develops, with many southern latitude locations exhibiting temperature departures exceeding 1 standard deviation (e.g., EGs4-6 and Tasiilaq). Early freeze onsets, clustered during midOctober, promote below-normal monthly SATs (of similar magnitude, but opposite sign from late freeze years), especially along the west coast as the cold SSTs allow first-year ice formation earlier in the season (Fig. 6) . Perhaps not surprisingly, the largest positive SAT differences (late-early years) are seen along the western, southern, and southeastern portions of coastal Greenland where strong temperature responses to extreme sea ice behaviors are noted (Fig. S3) .
Late Greenland Sea freeze onsets correspond with relatively weak temperature responses, except during December when strong, positive east coast temperature departures (more than 1 standard deviation) are found, as is similar to late onset ice cover in Baffin Bay (Fig. S4) . Negative temperature anomalies are found with early ice formation (Fig. S5 ), but the SAT magnitudes are generally weaker in September-November compared to the Baffin Bay early freeze findings. The strongest SAT differences between extreme Greenland Sea ice freeze scenarios are observed during December and SOND, but restricted to the east coast of the island (Fig. S6) . 
Trends and correlations
The timing of Baffin Bay and Greenland Sea ice formation appears to play a role in the variability of Greenland's coastal air temperatures during autumn. We investigate associations between the two variables here through analyses of different atmospheric circulation variables across the study period. Monthly and seasonal mean 500 hPa GPH fields show an upper-level trough west of Greenland stretching across Baffin Bay that sags southward and deepens throughout the autumn months, transitioning from more westerly to southwesterly flow onto the western coast (Fig. 7) . GBI linear trend analyses for autumn, presented in Fig. 7 , reveal positive trends in October-December, especially during October (statistically significant increase) and December, which supports the findings of Hanna et al. (2016) over the 1981-2010 normal period. In a long-term view, increases in the GBI suggest that greater occurrences of high-pressure blocking synoptic patterns could be taking place over Greenland, which may act to increasingly (1) advect above-freezing air masses northward from lower latitudes to delay sea ice growth, and (2) transport warm air off the local, open-ocean or young ice surfaces, which are becoming more common later in the autumn, toward the coast to directly impact SATs. Year-to-year GBI fluctuations are also related (in-phase) to the interannual variability of the coastal SATs and onset of sea ice freeze conditions, especially along the west coast (Fig. 8) .
These relationships suggest that changes in regional winds (inferred by GBI anomalies) influence SATs each season depending on the timing of freeze conditions. The CPs identified through k-means cluster analysis are presented in Fig. 9 . Each composite CP represents a typical synoptic regime that occurs anywhere from ~2 to 4 days month −1 and ~7 to 14 days season −1
, across the Greenland region (Table S1 ). Correlations between the CP frequencies and GBI are calculated to assess relationships between within-month/season synoptic variability and the monthly/ seasonal GBI conditions (Table 5) .
Significant correlations between the frequencies of CPs 3, 9, and 10 and the GBI are discussed here. CP3, a meridional pattern with a relatively weak west-east height gradient, is positively and significantly correlated with the GBI in all months (except November) and seasonally, while CP10, exhibiting southwesterly flow across Greenland, is positively and significantly correlated with the GBI in November, December, and for the whole autumn season. The incidence of synoptic patterns yielding onshore flow from the southerly (CP3)/southwesterly (CP10) direction coincides with interannual oscillations in autumn GBI values, which are connected to variations in the coastal SATs. CP9 possesses a weak north-south gradient across much of Greenland that strengthens south and east across the North Atlantic and is significantly anti-correlated with the GBI, except during October when there is no apparent relationship. Significant anti-correlations also occur between these three CPs and the regional-scale NAO and hemisphericscale AO teleconnections, respectively (Tables S2, S3 ). Positive (negative) values of these broader-scale atmospheric circulation indices tend to coincide with relatively zonal (meridional) flow across Greenland, further supporting these sea ice-SAT linkages.
Atmospheric circulation composite analyses
Composite 500 hPa GPH plots by late-early Baffin Bay freeze years are shown in Fig. 10 . Positive height anomalies over Greenland occur for all autumn months and the season as a whole. These differences are strongest during October and December, similar to the SAT peak response, as height field anomalies largely exceed +100 m across the island. GBI composites are similarly maximized during these months (October GBI = +2.27 and December GBI = +1.88) as diminished Baffin Bay sea ice cover has been linked with increased lower tropospheric temperatures and mid-level heights during October and December (Overland et al. 2015b) , shortly after the onset of freeze conditions. Relative to Baffin Bay, mid-tropospheric GPH anomalies are substantially weaker during extreme year composites of Greenland Sea ice conditions, perhaps due to earlier extreme freeze timing across the marginal sea in Fig. 5 Composites of normalized SAT anomalies (in standard deviations) by anomalously late Baffin Bay freeze onset years both late and early cases. Despite weaker flow anomalies, it is worth noting that the height field is considerably above normal (≥+60 m) across the ice domain and island during December (Fig. S7) . The occurrence of intra-monthly/seasonal synoptic regimes by extreme freeze years is similarly shown in Table 6 for Baffin Bay. In October, nearly six more days of meridional flow (i.e., CP3 occurrence) occur during late versus early freeze years, and positive occurrence anomalies of lesser magnitude (~+2 days) are also found in September and seasonally. Meridional CPs 7 and 8 also exhibit slight positive anomalies (~+1 day) during December, while weak gradients/zonal flow patterns show negative differences of at least 2 days within the month (e.g., CPs4 and 9). Greenland Sea ice freeze extreme composites similarly show an increased incidence of meridional CPs 2, 7, and 8 during December (Table S4) . Overall, composite flow analyses by marginal sea freeze anomalies (late-early years) show tendencies toward more meridional synoptic patterns in the months of highest GBI values. This increased occurrence of wavier, blocking-type flow provides evidence of a physical mechanism by which warmer air over the ice-free ocean and from lower latitudes is directed onto coastal areas thereby influencing changes in SATs. 
Discussion and conclusions
In this study, strong autumn season associations between coastal Greenland SATs, SSTs, and neighboring sea ice conditions are identified and physically linked through several analyses of atmospheric CPs. Initially, a high degree of co-variability is recognized through bivariate correlations between the Baffin Bay freeze onset dates and SATs extending along the southern and western coastal margins, whereas much weaker, less significant signals are identified between Greenland Sea ice and adjacent east coast SATs. Increased oceanic heat transfer along the WG coast by the WGC during the last two decades (Myers et al. 2007 (Myers et al. , 2009 Myers and Ribergaard 2013) has likely played a role in delaying Baffin Bay ice formation and strengthening freeze onset-SAT relationships in the region. Baffin Bay-SAT relationships are especially pronounced in anomalously late (early) freeze years, which are found after (before) 2000, and frequently coincide with SATs above (below) 1 standard deviation from the 1981-2010 SAT climatology.
The long-term and extreme Baffin Bay ice cover linkages to autumn SAT signals identified in the analyses are influenced by variability of the GPH field across Greenland. Steffen and Box (2001) note a seasonal shift in the shape of climatological upper-level flow from a zonal pattern in summer to a meridional one in winter atop the ice sheet. As shown in Sect. 4.1, the 500 hPa mean circulation strengthens and becomes slightly more meridional as autumn progresses. Further, the autumn GPHs over Greenland have shown a linear increase since 1979, especially during October and December as corroborated by Hanna et al. (2016) for the most recent 1981-2010 normal period. GPH field amplification is associated with increasingly anticyclonic/blocking flow over the island (e.g., Hanna et al. 2016 ) that dynamically ushers warm and moist air from lower latitudes across Baffin Bay and the neighboring west coast of Greenland (Dufour et al. 2016) . Poleward warm air advection of above-freezing air acts to also delay Baffin Bay sea ice formation and increases the incidence of open water near coastal areas, which amplifies local air temperatures (at least until ice cover thickens) through a positive feedback (Box 2002) . Air-sea processes over the west coast of the island also likely have a strong local component as sensible heat released through young, thin sea ice found in Labrador Sea and Baffin Bay is advected onshore more frequently when Greenland blocking patterns are present. Hall et al. 2015) . This is coincident with rising GBI values, shown here to co-vary interannually with sea ice and coastal SATs from October to December and during autumn. Significant, positive correlations are found between the incidence of ridging/meridional circulation across Baffin Bay and the autumn GBI values. Links between wavier upper-level flow frequencies and the October AO and NAO (prior to typical continuous freeze conditions on Baffin Bay) and the December AO (as seasonal sea ice cover continually forms, thickens, and expands throughout the neighboring seas) are also noted. Hanna et al. (2016) found positive GPH anomalies across the Arctic (at the 300, 500, 700, 850 hPa levels), reminiscent of a negative AO phase, during extreme, positive December GBI conditions. The authors also identified positive correlations between the GBI and SATs surrounding Greenland in this month dating back to the late-nineteenth century. Positive lower tropospheric temperature and mid-level circulation anomalies observed around greater Greenland during several Decembers since 2007 have been loosely associated with autumn sea ice losses (e.g., Overland et al. 2015b) , and therefore may in part reflect an ongoing lagged response to extreme late freeze onset or perhaps increased ocean-atmosphere heat flux through a slowly forming ice pack. Regardless of the driver(s) of regional height field Fig. 8 Detrended correlations between the monthly and seasonal GBI and the coastal SATs and Baffin Bay and Greenland Sea freeze onset dates (signified by filled dots within the respective marginal sea domains) amplification, our study shows that the prevalence of autumn blocking over Greenland since the 1980s represents a robust mechanism that modulates the interannual strength of the sea ice-SAT relationships and the magnitude of SAT anomalies in extreme freeze years, especially on the western coast.
Should the Arctic sea ice melt season continue its present course of lengthening (Parkinson 2014; The magnitude of long-term SAT changes, embedded with short-term extremes, will probably be further influenced by sea ice interactions with regional-to-hemispheric atmospheric CPs as well as other confounding factors of Greenland climate variability, such as Atlantic and Pacific SST fluctuations (e.g., Chylek et al. 2012; Ding et al. 2014 ).
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